Transition metal oxides with a perovskite crystal structure exhibit a variety of physical properties associated with the lattice. Among these materials, strontium ruthenate (SrRuO 3 ) displays unusually strong coupling of charge, spin and lattice degrees of freedom that can give rise to the photostriction, that is, changes in the dimensions of material due to the absorption of light. In this study, we observe a photon-induced strain as high as 1.12% in single domain SrRuO 3 , which we attribute to a nonequilibrium of phonons that are a result of the strong interaction between the crystalline lattice and electrons excited by light. In addition, these light-induced changes in the SrRuO 3 lattice affect its electrical resistance. The observation of both photostriction and photoresistance in SrRuO 3 suggests the possibility of utilizing the mechanical and optical functionalities of the material for next-generation optoelectronics, such as remote switches, light-controlled elastic micromotors, microactuators and other optomechanical systems.
I n recent decades, developing clean energy technology has become a major scientific challenge. As we aim to relieve our dependence on fossil fuels, scientists have studied new ways of generating electrical energy, such as solar cells 1 , fuel cells 2 , nanogenerators 3 and more. However, another approach to green technology is the development of novel materials that use clean sources of energy directly to produce a physical response, thus bypassing the need to generate electricity altogether. One example of this is photostriction, the property in which a material directly converts light into mechanical energy. This generation of strain can then be harnessed for wireless remote control applications, such as photostrictive actuators 4, 5 , energy harvesting devices 6 and other optomechanical sensors 7 .
Many materials show photostrictive behaviour, including ferroelectrics [8] [9] [10] , organic polymers 11, 12 and inorganic semiconductors [13] [14] [15] . However, the mechanisms of the photostrictive effect vary depending on the material and are often poorly understood, thus limiting practical applications. For example, light-induced deformation in nonpolar semiconductors, such as crystalline germanium and silicon, is due to a slight change in the atomic bond length induced by excess excited carriers in the conduction band. However, the resulting strain is very small (0.08% and 0.09% for germanium and silicon, respectively) 16 . In organic polymer systems, larger strain is obtained through photo-induced molecular reorientation or ionization reactions 17 . However, these materials are often unstable in air or at high temperatures. Finally, the photostrictive effect in most ferroelectric materials occurs through a combination of the photovoltaic effect and the converse piezoelectric effect, yet it can only be observed below the Curie temperature 18, 19 or in nanoscale structures 20 . Kundys et al. 21 measured a substantial visible-light-induced size change in ferroelectric BiFeO 3 (BFO) crystals using a capacitance dilatometer that has to date displayed the fastest photostrictive response (ps to ns) 17 .
In our search for new photostrictive materials, we decided to explore the transition metal oxide with perovskite structure, SrRuO 3 (SRO). SRO has received increasing attention due to its high absorption across the visible spectrum 22 and strong coupling of charge, spin and lattice degrees of freedom at room temperature 23 . The absorption coefficient of SRO at 532 nm is B2 Â 10 5 cm À 1 , and this is 25 times higher than silicon and one order of magnitude greater than BFO 23, 24 . In addition, transition metal oxides are among the most interesting materials due to their unique blend of multiple physical properties, including superconductivity 25, 26 , piezoelectricity [27] [28] [29] , ferroelectricity 30, 31 , semiconductivity 32 and thermoelectricity 33, 34 .
The deformation or rotation of the corner-sharing octahedral oxygen (for example, BO 6 ) in perovskite structures plays an important role in determining the magnetic and electronic properties [35] [36] [37] of the material. The metallic perovskite SRO shows significant hybridization between the O 2p and Ru 4d orbitals 38 , thus leading to a strong coupling of the lattice degrees of freedom 39 and electromagnetic properties 40, 41 . Therefore, we expected that a large physical deformation of SRO could be induced by visible light at room temperature, though this has yet to be explored.
In this study, we use micro-Raman scattering to monitor shifts in the optical phonon A g mode of SRO to indicate light-induced deformation of the SRO thin films 42 . We also explore how excitation power and temperature affected photostriction in single-and multi-domain SRO structures. In single-domain SRO films at 300 K, we measure the maximum light-induced deformation and photostrictive efficiency to be as high as 1.12% and 7 Â 10 À 16 m 3 W À 1 , respectively. Moreover, we observe that the magnitude of SRO electrical resistance could be controlled with light that also originates from the material's photo-induced deformation behaviour. The strong photostrictive effect of SRO at room temperature offers an attractive route for future devices that can be controlled by means of light alone.
Results
Characterization of sample. We began the study by growing 40 nm thick (001)-oriented SRO thin films on a pseudocubic (001) SrTiO 3 (STO) substrate using pulsed laser deposition (see Methods for more details). A cross-sectional high-resolution transmission electron microscopy (HR-TEM) image of the SRO/STO sample is shown in Supplementary Fig. 1 , demonstrating that the SRO features superior crystallinity and a clear lattice structure. The SRO/STO sample features a sharp interface without observable interdiffusion of the species across the boundary.
Raman selection rules. At room temperature, SRO has an orthorhombic perovskite structure with the space group Pnma 43 . According to nuclear site group analysis, there are 24 Raman active zone-centre optical phonon modes in SRO (7A g , 5B 1g , 7B 2g and 5B 3g ) 44 . We first examined SRO thin films using Raman spectroscopy, bearing in mind the Raman selection rules. Fig. 1a shows the polarized Raman spectra of (001)-oriented SRO thin films on the STO substrate, employing a normal-incidence backscattering geometry. The sample was rotated around the perpendicular axis with a rotation angle, y. We assigned the intense peak at 372 cm À 1 to the A g symmetry mode (an in-plane vibrational mode of O atoms) 45 . Since the A g mode is an in-plane vibrational mode, which shows much higher intensity than other modes, we analysed the in-plane photostrictive effect of SRO by measuring the shift in this peak. The corresponding Raman tensor and scattering intensity of the A g mode are given by:
where a, b and g are the A g tensor components along the x, y and z directions, respectively 46 . Considering the expression of the Raman scattering tensor, the A g mode can be detected in both Z(XX)Z and Z(YY)Z configurations due to the symmetry properties of the material, in which X,Y and Z represent the lattice directions a,b and c, respectively. Using Z(XX)Z and Z(YY)Z, the two letters on both sides of the brackets represent the propagation direction of the incident and scattered light, respectively. The two letters inside the parentheses represent the polarizations of incident and scattered light, respectively. According to Raman selection rules, the intensity of the A g mode of monocrystalline SRO is periodic with the polarization direction of the incident light. The intensity of the A g mode as a function of y is shown in Fig. 1b . The scattering intensity of the SRO thin films shows a 90°p eriodicity with a maximum amplitude at y ¼ 10°,100°,190°and 280°, demonstrating that our SRO thin film sample was monocrystalline 47 .
Light-induced deformation of SRO. The generation of a reversible mechanical deformation in materials by the irradiation of light can be estimated from shifts in the Raman spectra, as the vibrational frequencies of the phonon modes change causing a Raman peak shift through the interatomic distances change 48 . We chose a polarized potassium titanyl phosphate (KTP) laser with a wavelength of 532 nm to study the photostriction of SRO on the STO substrate under visible-light illumination (Fig. 2) . As we ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms15108 monitored shifts in the A g mode of the Raman spectra, we were able to estimate the light-induced SRO lattice strain using the following equation:
in which Do j is the phonon frequency shift, K i is the phonon deformation potential, assuming K i associated with the stress along the lattice a,b and c axes is the same and equal to 845.93 cm À 1 for the A g mode (372 cm À 1 ) [49] [50] [51] and e xx , e yy and e zz are the lattice variations along the a,b and c axes, respectively 52 . Because the A g mode is independent on the c axis, the equation becomes Do j ¼ K i e xx þ K i e yy . Then, assuming the lattice variation along the a and b axes is the same (e xx ¼ e yy ), the equation can be further simplified to Do j ¼ 2K i e xx (ref. 53) . Figure 2 summarizes the excitation power intensity-dependent Raman peak positions of the A g mode and the corresponding SRO lattice variation (that is, strain). The Raman scattering spectra appear in the Fig. 3a . The peak position of the A g mode exhibited an obvious redshift from 377.2 to 364.6 cm À 1 with increased laser intensity, implying a significant correlation between excitation power intensity and lattice strain that would suggest SRO is a photostrictive material. After the laser intensity exceeded 50 W cm À 2 , the redshift of the Raman peak and deformation of the SRO thin film remained constant, indicating saturation of photostriction. Based on the previously derived equation (3), the SRO lattice strain reached a maximum value of 0.76%. We observed this phenomenon over several measurements, demonstrating the reversibility of the photostrictive effect in SRO thin films.
To understand the substrate contributions for the photostrictive effect, we also measured the laser intensity-dependent Raman spectra of the STO substrate, as shown in Supplementary Fig. 2 . As the 532 nm laser excitation intensity increased from 7.5 to 125 W cm À 2 , there was no obvious shift in the Raman peaks of the STO substrate. Therefore, we can rule out any contribution of the photostrictive effect from this material.
To also exclude laser-induced thermal expansion of the SRO thin film as the reason for the observed A g mode peak shift, we also measured the ratio of the Stokes and anti-Stokes Raman scattering intensity to estimate the effective local temperature (T eff ) at the laser focal point ( Supplementary Fig. 3a) . T eff as a function of the incident laser intensity is shown in the Supplementary Fig. 3b . There was no significant change in T eff with the laser intensity, demonstrating that we can neglect the laser-induced thermal expansion in the Raman measurements. (see Supplementary Note 1 for more details).
Additionally, the photostrictive effect of SRO saturates at laser intensities of 450 W cm À 2 that is also inconsistent with lightinduced heating effects 11 . To further exclude laser-induced thermal expansion, we also measured the temperature of the SRO thin films using a thermal camera under laser illumination. The noncontact temperature measurements of the SRO samples are shown in Supplementary Fig. 4 . We observed a similar change in the surface temperature (2.3°C increase) under laser illumination. This increase in temperature is too small to result in the large lattice strain on the scale of the photon-induced strain demonstrated in this study (see Supplementary Note 2 for more details).
Temperature-dependent photostriction of SRO. The temperature-dependent Raman spectra of SRO on the STO substrate using different laser illumination intensities are shown in Fig. 3d . It is notable that the light-induced deformation of SRO decreases at lower temperatures. We hypothesize that above the Curie temperature (T C,SRO E 144 K), SRO is paramagnetic and essentially has no magnetostriction 23 , which is the effect that occurs when the dimensions of ferromagnetic materials change during the process of magnetization. We believe the light-induced deformation of SRO can be attributed to a phenomenon involving a nonequilibrium of phonons that results from the strong interaction of the lattice and electrons excited by light. Generally, the mechanism of this nonequilibrium of phonons is related to the transfer of energy from light-excited carriers to optical phonons. These excited carriers can induce a large amplitude of lattice motions and then structural deformations by anharmonic couplings via strong electron-electron and electron-phonon interactions 54 . However, below the Curie temperature (o T C,SRO ), SRO becomes ferromagnetic and displays magnetostrictive behaviour. As the laser illuminates SRO thin films, the polarized light changes the distribution of magnetic moments and static magnetization due to the inverse Faraday effect. As a result, such reoriented magnetization by light generates magnetostrictive stress to compress the lattice of SRO due to its negative magnetostriction coefficient 55 (Z B À 2.5 Â 10 À 3 ) that competes with the phonon-mediated lattice expansion. Finally, the superposition of these two mechanisms leads to an insensitive photostrictive effect at lower temperatures (Fig. 3d) .
Lattice domains impact the photostrictive effect. To further investigate how lattice domains impact the photostrictive effect, we used X-ray diffraction to examine two 40 nm thick (001) SRO thin films deposited on top of (001) STO and (001) DyScO 3 (DSO) substrates. Figure 4a ,b are the reciprocal space maps around the (104) reflection, showing that both the SRO films were coherently grown on the STO and DSO substrates, respectively. Moreover, to carefully inspect the detailed structural information of SRO on these two substrates, we took radial scans along the horizontal vector, H ¼ 1, with four orthogonal azimuthal angles, f ¼ 0 o , 90 o , 180 o and 270 o (that is, (104), (014), ( 104) and (0 14) reflections of the substrates; Fig. 4c,d) .
It is worth noting that all the main peaks of the SRO film on the STO substrate exhibited an asymmetric shape that can be viewed as the convolution of two peaks (Fig. 4c) . These deconvoluted peaks can be attributed to the presence of multiple domains in the SRO because the pseudocubic forms a tilted angle along the a axis and a rectangular angle along the b axis in distorted orthorhombic SRO. This tilted angle causes the peak to shift when the sample is rotated from f ¼ 0 o to 180 o , labelled as positions I and III in the radial scans. In addition, position II represents diffraction characteristics from the b axis of SRO. Therefore, the two peaks observed in each radial scan shows that the SRO film on the STO substrate possesses two domains. On the other hand, all the main peaks of SRO on the DSO substrate have a symmetric shape, indicating that the SRO film is a single domain (Fig. 4d) . Such variation of the lattice domains can be ascribed to the structural difference of the STO and DSO substrates. Usually, there is no preferred growth direction for the tilted SRO lattice structure on the STO substrate since the STO has a cubic structure. However, DSO is also an orthorhombic structure and has the same symmetry group as SRO (Pbmn). Hence, the clamping effect of the DSO substrate can easily result in the formation of single-domain SRO thin films.
Interestingly, we observed that the light-induced deformation of SRO thin films was related to these lattice domains. Fig. 5a presents the Raman peak positions of the A g phonon mode and the in-plane lattice variation of SRO films on the STO and DSO substrates at different intensities of laser illumination. SRO thin films on the STO (that is, multi-domain SRO) and DSO substrates (that is, single-domain SRO) show different Raman shifts at low excitation intensity that is caused by the different inplane strain states. As the laser intensity increased, the redshift in the Raman spectra and the expansion of the SRO on the DSO substrate was larger than that of the SRO on the STO substrate. We hypothesize that the counteracting lightinduced stress of multi-domain SRO diminishes the total amount of photo-induced deformation of SRO on the STO substrate (0.76%). Meanwhile, the maximum light-induced deformation of the single-domain SRO was measured as high as 1.12% on the DSO substrate. Note that photoexcitation of the substrates did not occur because the energy of the laser (B2.33 eV) used in the Raman experiments was lower than the bandgap energy of STO (B3.2 eV) and DSO (B5.7 eV), and hence there was no possibility of photo-induced strain from these materials. We can also evaluate the photostrictive behaviour of singleand multi-domain SRO by estimating the photostrictive efficiency at a fixed wavelength using equation (4):
where t is the phostrictive material thickness in the direction of illumination, l hv ( ¼ DL/L) is the light-induced deformation and I is the intensity of the light 17 . As we increased the excitation intensity of the 532 nm laser to 62.5 W cm À 2 , the photostrictive efficiency of single-domain SRO reached a maximum value of 7 Â 10 À 16 m 3 W À 1 that was much higher than the values for nonpolar semiconductors (3.7 Â 10 À 20 m 3 W À 1 for cyrstalline germanium and silicon) 16 , and also over 10 8 times greater than other metal oxides (for example, 5.2 Â 10 À 26 m 3 W À 1 for PbTiO 3 and 4 Â 10 À 25 m 3 W À 1 for BFO) 8, 56 . We attribute the high photostrictive efficiency of single-domain SRO to its strong optical-structural coupling effects.
Light-induced photoresistive effect in SRO. As photostriction causes variation in the lattice structure of SRO, it will also induce changes in the electrical resistance of the material. Therefore, in addition to studying light-induced deformation, we also investigated the light-induced photoresistive effect in SRO thin films on DSO substrates. The photoresistive effect can be defined as:
in which R hv and R dark are the resistances of SRO under illuminated and dark conditions, respectively 57 . We determined the wavelength-dependent photoresistance of SRO using different lasers at various wavelengths (325,405,532 and 780 nm).
Note that the measurements of the SRO resistance were taken at room temperature and at a fixed laser intensity of 1.0 Â 10 5 W m À 2 for all wavelength conditions. The sheet resistance was 18.088 ohm sq À 1 measured using a standard four-point-probe technique at room temperature. We observed that the change in photoresistance of the samples was fully reversible when the light source was switched between the ON and OFF states (Fig. 5b) .
We also compared the photoresistance under different laser wavelengths. As shown in Fig. 5c , the photoresistance of SRO reached its maximum value of B2.4% under 532 nm illumination. The spectral absorption of SRO is also shown in Fig. 5c . We attributed the strong optical absorption-dependent photoresistance response of SRO to the illumination-induced excitation of electrons, consistent with previous observations of CoFe films deposited on BFO 58 . This finding implies that optical absorption is an important factor in determining the photoresistance of SRO. Further investigation is required to understand the correlation between the photoconductivity and photostriction of SRO as a function of wavelength.
As shown in Fig. 5d , the transition between the ON and OFF states revealed the response and recovery speeds of photoresistance in the SRO thin films. The rise and fall times under 532 nm illumination (defined as the time between 10 and 90% of the maximum photocurrent) were estimated to be 2.2 and 1.9 s, respectively. There was no obvious variation in the photoresistance response times at different incident wavelengths.
To rule out the effects of temperature on the photoresistance, we also measured the surface temperature of the SRO/DSO sample using a thermometer attached to the SRO film for 90 s during the illumination time period. As shown in Supplementary Fig. 5 , the temperature increase caused by the laser was 1.58 ± 0.15°C. Meanwhile, the time response of the photoresistance of the material was much faster than the change in temperature.
Therefore, we feel confident that the photostrictive effect of SRO is not due to thermal expansion by laser illumination.
As compared with the response/recovery speeds of organic polymers 59, 60 , the SRO thin films demonstrate a fast photoresistance response that can be attributed to the ultrafast dynamics of electrons excited by light and direct electronicexcitation-induced strain in SRO 55 . We expect that the response speed can be further increased by doping 57 that we are currently investigating.
Discussion
In summary, we have demonstrated the controlled in-plane photostrictive effect of SRO at room temperature under visiblelight illumination. In Raman scattering measurements, the A g mode of the SRO thin film showed an increased redshift with laser intensity, indicating a change in the physical dimensions of the material caused by the tensile strain produced by photons. We attribute the underlying mechanism of the observed light-induced deformation to a strong nonequilibrium of phonons in SRO. The excellent light-induced deformation (1.12%) and photostrictive efficiency (7 Â 10 À 16 m 3 W À 1 ) generated in single crystallographic domain SRO opens the possibility of utilizing this perovskite in future applications that combine mechanical and optical functionalities. We believe that photostrictive materials like SRO will be the breakthrough needed for the next generation of photostrictive actuators and optomechanical sensors.
Methods
Materials. We grew 40 nm thick (001)-oriented SRO thin films on (001) STO and DSO substrates by pulsed laser deposition equipped with in situ high-pressure reflection high energy electronic diffraction diagnostics. A KrF excimer laser (l ¼ 248 nm) at a repetition rate of 10 Hz and fluence of B2.5 J cm À 2 was used to ablate the SRO target. All the samples were grown at the same substrate temperature of 700°C and a dynamic oxygen pressure of 100 mTorr. After growth, the samples were cooled to room temperature at a rate of 20°C min À 1 in oxygen at 1 atm.
Raman analysis. To study the photostrictive effects of SRO thin films, we carried out confocal Raman analysis using a Jobin-Yvon T64000 triple spectrometer system equipped with a liquid nitrogen cooled CCD (charge-coupled device) detector. The micro-Raman spectra were measured using a backscattering geometry and a polarized KTP laser (532 nm) (Coherent, Inc.) with a spot size of 40 mm 2 . A temperature-controlled stage was used to measure the spectra from 35 to 300 K. We used an optical filter to control the laser intensity from 7.5 to 125 W cm À 2 . The incident and scattered laser light propagated parallel to the c axis of SRO.
X-ray diffraction techniques. Structural details of the samples were confirmed by synchrotron-based X-ray diffraction at beamline BL-13A at the National Synchrotron Radiation Research Center in Hsinchu, Taiwan. The reciprocal space maps and radial scans were recorded in reciprocal lattice units that were normalized to the substrates (1 r.l.u. ¼ 2p/(a STO or a DSO,pc )), in which the cell lattice parameters a STO and a DSO,pc are 3.905 Å in the cubic form of STO and 3.950 Å in the pseudocubic form of DSO, respectively.
Photoresistance measurements. The photoresistance of the SRO thin films at various wavelengths (325,405,532 and 780 nm) was measured with a Keithley 4200-SCS semiconductor characterization system. This irradiation experiment was performed at room temperature using a He-Cd laser (325 nm), a GaN laser (405 nm), a KTP laser (532 nm) and a Tm:YAG laser (785 nm) (Coherent, Inc.). The measurements of the SRO resistance were taken at a fixed laser intensity of 1.0 Â 10 5 W m À 2 for all wavelength conditions. HR-TEM image analysis. The crystallinity and atomic structures at the interfaces of the films were investigated using a JEOL-2010 HR-TEM (JEOL Co., Ltd) featuring a high resolution of 0.194 nm operated at an accelerating voltage of 200 kV. The cross-sectional HR-TEM samples were prepared by a standard method, involving mechanical grinding, pre-thinning and a low-angle ion thinning process (Leica EM RES102, Leica Microsystems, Inc.).
Noncontact temperature measurements. The surface temperatures of the SRO thin films were measured with an InfReC Thermo Gear G100EXD thermal camera (Nippon Avionics Co., Ltd). The camera has 320 Â 240 pixels and can take 30 frames s À 1 . It also has a resolution of 0.04°C at 30°C and can measure temperatures between À 40 and 1,500°C with an accuracy of ± 2%. We measured the temperature of the SRO thin films under 532 nm laser illumination for 3 min using an excitation intensity that was the same as that for the Raman experiments in this study (125 W cm À 2 ).
Data availability. The data that support the findings of this study are available from the corresponding author on reasonable request.
